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ABSTRACT
We present new results of searches for neutrino  point sources in the northern  sky, using d a ta  recorded 
in 2007-08 w ith 22 strings of the IceCube detector (approxim ately one-fourth of the planned to tal) 
and 275.7 days of livetime. The final sample of 5114 neutrino  candidate events agrees well w ith the 
expected background of atm ospheric m uon neutrinos and a small com ponent of atm ospheric muons.
No evidence of a point source is found, w ith the m ost significant excess of events in the sky a t 2.2 a  
after accounting for all trials. The average upper lim it over the northern  sky for point sources of 
m uon-neutrinos w ith E -2  spectrum  is E 2 <  1.4 x 10-11 TeV cm -2 s- 1 , in the energy range from
3 TeV to  3 PeV, im proving the previous best average upper lim it by the AM ANDA-II detector by a 
factor of two.
Subject headings: acceleration of particles — cosmic rays — neutrinos
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1. IN T R O D U C T IO N
Cosmic rays w ith energies up to  1020 eV pervade the 
Universe, bu t their sources rem ain unknown. Possible 
acceleration sites of cosmic rays include shock fronts 
in supernova rem nants, pulsars, m icroquasars, active 
galactic nuclei, and gam m a-ray bursts. W hile m any of 
these sources are now observed by gam m a-ray astron­
omy experim ents (Abdo et al. 2007; A haronian et al. 
2006; A lbert e t al. 2006), it rem ains difficult to  deter­
mine w hether the gam m a-ray emission is of leptonic or 
hadronic origin. Hadronic acceleration in these sources is 
expected to  produce a correlated neutrino  flux as accel­
erated  protons in teract w ith am bient gas and radiation 
to  produce mesons, and the charged mesons decay to  
neutrinos (for reviews see Becker (2008); B ednarek et al. 
(2005); Halzen & Hooper (2002) and references therein). 
This signature uniquely distinguishes hadronic from lep- 
tonic processes, and thus detection of the high-energy 
neutrino  flux from cosmic ray  accelerators is the  key to  
identifying them . Moreover, since neutrinos can propa­
gate freely th rough dense environm ents and across cos­
mological distances th a t are optically thick to  photons, 
they  can probe hidden regions and reveal unexpected 
sources, opening a unique window on the high-energy
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Universe.
Previous searches for high-energy astrophysical neu­
trino  sources perform ed by MACRO (Ambrosio et al. 
2001), Super-Kam iokande (Desai et al. 2008), and 
Am An DA (Abbasi e t al. 2009a) have set upper lim its 
th a t  dem onstrate the  need for much larger experim ents 
to  detect these weakly in teracting particles. The Ice­
Cube N eutrino O bservatory is now instrum enting a cu­
bic kilom eter of the clear A ntarctic  ice sheet a t the geo­
graphical South Pole. C onstruction began in the austra l 
sum m er 2004-05, and is planned to  finish in 2011. The 
full detector will comprise 4,800 Digital O ptical Mod­
ules (DOMs) deployed on 80 strings between 1.5-2 .5km  
deep w ithin the ice, a surface array  (IceTop) for observ­
ing extensive air showers of cosmic rays, and an addi­
tional dense subarray  (DeepCore) in the detector cen­
te r for enhanced low-energy sensitivity. Each DOM con­
sists of a 25 cm diam eter H am am atsu  photo-m ultiplier 
tube, electronics for waveform digitization (Abbasi et al. 
2009b), and a spherical, pressure-resistant glass hous­
ing. W aveforms are recorded when nearest or next-to- 
nearest DOM s fire w ithin ±  1 microsecond; event trig ­
gers occur when eight DOM s record waveforms w ithin
5 microseconds. C alibrations ensuring nanosecond tim ­
ing precision are described in A chterberg et al. (2006). 
The DOMs detect Cherenkov photons em itted  by rel- 
ativistic charged particles passing through the ice. In 
particular, the directions of m uons (either from cosmic 
ray  showers above the surface, or neutrino interactions 
w ithin the ice or bedrock) can be well reconstructed  from 
the track-like p a tte rn  and tim ing of h it DOMs. Identifi­
cation of neutrino-induced muon events in IceCube has 
been dem onstrated  in A chterberg et al. (2007a) using a t­
mospheric neutrinos as a calibration tool.
2. E V E N T  SELEC TIO N  AND ANALYSIS
As of spring 2007, there were 22 deployed IceCube 
strings. The physics run  for the 22-string configuration 
s ta rted  2007 M ay 31 and ended 2008 April 4, when the 
40-string configuration began operating. The final live­
tim e is 275.7 days, about 90% of the to ta l available tim e 
including operation  during the construction season. The 
event trigger ra te  is ~  550 Hz, predom inantly  due to  
down-going muons. The ra te  of atm ospheric neutrino- 
induced m uons triggering the detector is roughly 106 
tim es lower. Because only neutrino-induced m uons can 
travel upwards, neu trino  events can be isolated by se­
lecting up-going tracks. An online event filter makes 
the first rejection of down-going tracks. Events which 
pass (at a ra te  ~  20 Hz) are sent over satellite to  the 
North. Likelihood-based track  reconstructions are per­
formed, im proving the directional accuracy and back­
ground rejection capabilities as well as providing indi­
vidual angular uncerta in ty  estim ates (Neunhoffer 2006). 
The reduced log-likelihood of the  best-fit track, the angu­
lar uncertainty, and the num ber of modules which were 
hit by direct Cherenkov photons (w ithin a window of -1 5  
to  + 75  ns for estim ated h it tim es of the  reconstructed 
track) are the m ain param eters used to  select up-going 
neu trino  candidates and reject background. An addi­
tional cut on the likelihood ra tio  of the  best-fit track  to  
the best-fit track  constrained to  be down-going further 
reduces background close to  the  horizon. In the final 
analysis, a wide range of cuts based on these param eters
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are com patible w ith optim al sensitivity to  b o th  hard  and 
soft spectrum  sources. W ithin  th is range, applying cuts 
th a t also remove the largest fraction of m is-reconstructed 
down-going events yields a final sam ple consisting of 5114 
neutrino  candidate events.
At this tim e there is no t a single stra tegy  for point 
source searches in IceCube, so more th an  one approach 
was investigated, including a binned analysis sim ilar to  
th a t in A chterberg et al. (2007b), as well as an unbinned 
analysis sim ilar to  th a t in Abbasi et al. (2009a). Simu­
lation studies using the 22-string IceCube configuration 
showed th a t the la tte r approach was on average 35% 
more sensitive for bo th  hard  and soft point source spec­
tra . For this reason, it was decided before the d a ta  were 
unblinded th a t the unbinned analysis would be used for 
the final results, which are reported  below.
The unbinned likelihood analysis is described in detail 
in B raun  et al. (2008); it uses bo th  the direction and 
energy inform ation of each event. Astrophysical neu­
trino  source spectra  are typically expected to  be harder 
(~  E -2  in the Fermi model of cosmic ray  acceleration) 
th an  the known spectrum  of the  atm ospheric neutrino 
background (~  E -3  7). Thus a neutrino point source 
m ay be detectable no t ju s t by the clustering of event ar­
rival directions, bu t by a different event energy d istribu­
tion th an  the background. For each direction in the sky 
tested, the  analysis perform s a fit for the  num ber of sig­
nal events n s above background, and the spectral index
Y of the excess events. The test-sta tis tic  in the  analysis 
is the log likelihood ra tio  of the signal hypothesis w ith 
best-fit param eters (n s and Y) to  the null hypothesis of 
no signal present (n s =  0). This test-sta tis tic  provides 
an estim ate of the significance (pre-trial p-value) of devi­
ation from background a t a given position in the sky. As 
described below, the post-tria l significance is determ ined 
by applying the analysis to  scram bled d a ta  sets, in which 
the right ascension of the events are random ized bu t all 
o ther event properties are kept the  same.
Two unbinned point-source searches are performed. 
The first is an all-sky search w ithin the declination range 
- 5 °  to  +85°: the m axim um  likelihood ra tio  is evaluated 
for each direction in the  sky in steps of 0.25° r.a. and
0.25° dec., (well below the angular resolution of 1.5°). 
The significance of any spot is given by the fraction of 
scram bled d a ta  sets containing a t least one spot w ith a 
log likelihood ra tio  higher th an  the one observed in the 
real da ta . This fraction is the post-tria l p-value. Because 
the all-sky search involves a large num ber of effective tr i­
als, the  second search is restric ted  to  the directions of 28 a 
priori selected source candidates, in order to  improve the 
confidence of a possible detection of one of these objects. 
The post-tria l p-value is again found by perform ing the 
source list analysis on scram bled d a ta  sets. The sm allest 
post-tria l p-value from either of the two searches is then 
taken as the  final significance of the analysis, w ith a final 
tria l factor of two.
3. D E T E C T O R  R E SPO N SE
A sim ulation of and vM was used to  determ ine the
effective area and point spread function for the 22-string 
IceCube configuration, shown in Fig. 1. The sky- 
averaged m edian angular reconstruction error is 1.5° for 
b o th  E -2  and atm ospheric spectra. For an E -2 (atm o­
spheric) neutrino  spectrum , 90% of the events are in the
log ( E / GeV )a10 1 V 1
Fig . 1.—  Solid-angle-averaged effective areas a t final cu t level 
for astrophysical m uon neutrino  fluxes (v^ +  ) a t different decli­
nations. T he tu rnover a t  high-energy for up-going events is due to  
absorption  by E arth . Inset: E —2 point spread function (angular 
difference betw een th e  neu trino  and reconstructed  m uon track ) for 
th e  sam e declination ranges.
sin(declination)
Fig. 2.—  Sensitivity  to  a  point-source E —2 flux as a  func­
tion  of declination, shown for th e  final AM ANDA-II analysis 
(Abbasi et al. 2009a), th e  curren t tw enty-tw o string  IceC ube anal­
ysis, and th e  predicted  sensitivities for th e  A N TA RES experim ent 
(Aguilar Sanchez 2007) and th e  final IceCube configuration.
central range 3 TeV -  3P eV  (250GeV -  16 TeV). The 
sensitivity (m edian upper lim it, following the ordering 
principle of Feldm an & Cousins (1998)) as a function of 
declination is shown in Fig. 2 . For a source a t declina­
tion 5° w ith E -2 spectrum , approxim ately 13 (16) signal 
events are needed for a 50% chance of a post-tria l 5 a  de­
tection based on the source list search (all sky search).
System atic uncertain ties arise chiefly from the model­
ing of light propagation  in the  ice. Sim ulation of muons 
passing th rough  the ice is described in C hirkin & Rhode 
(2004), and the propagation  of light from the m uon 
to  the optical modules is perform ed w ith P hoton­
ics (Lundberg et al. 2007). Em bedded im purities in 
the ice alter the  scattering  and  absorption properties 
w ith a dep th  dependence due to  clim ate changes over 
tens of thousands of years; direct m easurem ents of 
these ice properties are used in the  detector sim ulation 
(Ackermann et al. 2006). D ata-M onte Carlo com par­
isons using bo th  trigger level and high-quality down- 
going m uons indicate the system atic uncertain ty  which 
rem ains from th is aspect of sim ulation is 15%. System ­
atic uncertainties on the optical m odule efficiency and 
true  point spread function contribute an additional 9%
4 IceCube Collaboration: R. Abbasi et al.
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F ig . 3 .—  Declination d istribu tion  of th e  final d a ta  sam ple and 
sim ulated atm ospheric neutrino  events w ith 30% theoretical uncer­
ta in ty  on th e  absolu te norm alization of th e  predicted  neu trino  flux
(B arr et al. 2004, 2006).
uncertain ty  on neutrino  flux estim ates, while theoretical 
uncertainties on m uon energy losses and the neutrino- 
nucleon cross-section (Pum plin et al. 2002) contribute 
5%. The to ta l estim ated system atic uncerta in ty  of 
18% has been incorporated  into the sensitivity  and up­
per lim it calculations using the m ethods described in 
C onrad et al. (2003) and Hill (2003). Because taus from 
ta u  neutrinos also decay to  muons (w ith a 17% branch­
ing ratio), any assum ption of an additional com ponent of 
ta u  neutrinos in the astrophysical flux arriving a t earth  
would lead to  a tigh ter upper lim it on the m uon neutrino 
flux.
Atm ospheric neutrino  events, while posing a substan­
tial background to  ex tra-terrestria l neutrino  searches, 
provide a useful verification of the  detector and simu­
lation. In Fig. 3, the declination d istribu tion  is shown 
for the d a ta  and atm ospheric neutrino sim ulation w ith 
final cuts applied. The atm ospheric neutrino  model has 
a theoretical uncertain ty  of 30% in the flux norm aliza­
tion in the  TeV energy range (B arr et al. 2004, 2006; 
A chterberg et al. 2007a). This uncertain ty  does not af­
fect astrophysical flux calculations, bu t lim its the preci­
sion of atm ospheric neutrinos as a check of the  detector 
sim ulation. In 275.7 days of livetime, 4600 ±  1400 a t­
mospheric neutrinos are expected, along w ith an addi­
tional com ponent of 400 ±  200 m is-reconstructed down- 
going m uons from air showers (sim ulated w ith CORSIKA 
(Heck et al. 1998)), m ainly near the horizon. W ith in  un­
certainties, th is is in agreem ent w ith the 5114 events ob­
served.
4. RESULTS
The results of the  all-sky search are shown in Fig. 4 . 
The m ost significant deviation from background is lo­
cated  a t 153.4° r.a., 11.4° dec. The best-fit param eters 
are n s =  7.7 signal events above background, w ith spec­
tra l index y =  -1 .6 5 . The pre-trial estim ated p-value 
of the  m axim um  log likelihood ra tio  a t this location is 
7 x 10- 7 . The post-tria l p-value is determ ined by per­
forming the analysis w ith the right ascension of the d a ta  
random ized: 67 out of 10,000 scram bled d a ta  sets yielded 
a more significant excess somewhere in the sky.
The results of the  point-source search in the direction 
of 28 source candidates selected a priori are given in Ta­
ble 1. The sm allest p re-trial estim ated p-value is 7% (for 
the TeV blazar 1ES 1959+650); 66 out of 100 scram bled 
d a ta  sets have a more significant excess for a t least one
Object. r.a. [°] dec. [°] n a P $90 Boo
M GRO J 2019+37 304.83 36.83 3.1 0.25 25.23 2.6
M GRO J1908+06 287.27 6.28 0.0 - 7.06 3.7
Cyg OB2 308.08 41.51 0.0 - 15.28 2.6
SS 433 287.96 4.98 2.8 0.32 11.65 4.1
Cyg X-1 299.59 35.20 0.0 - 14.60 2.4
LS I +61 303 40.13 61.23 0.0 - 22.00 3.0
GRS 1915+105 288.80 10.95 0.0 - 7.64 3.3
X T E  J1118+480 169.54 48.04 2.5 0.082 40.62 2.8
GRO J0422+32 65.43 32.91 0.0 - 14.10 2.2
Gem inga 98.48 17.77 0.0 - 9.67 2.6
C rab Nebula 83.63 22.01 0.0 - 10.35 2.4
Cas A 350.85 58.81 0.0 - 20.22 3.5
M rk 421 166.11 38.21 0.0 - 14.35 2.8
M rk 501 253.47 39.76 0.0 - 14.44 2.7
1ES 1959+650 300.00 65.15 5.0 0.071 59.00 3.2
1ES 2344+514 356.77 51.70 0.0 - 17.94 2.8
H 1426+428 217.14 42.67 0.0 - 15.64 2.7
1ES 0229+200 38.20 20.29 0.0 - 10.24 2.4
BL Lac 330.68 42.28 1.6 0.37 22.81 2.7
S5 0716+71 110.47 71.34 1.9 0.31 44.76 3.3
3C66A 35.67 43.03 2.0 0.31 25.70 2.8
3C 454.3 343.49 16.15 0.0 - 9.07 2.6
4C 38.41 248.82 38.13 0.0 - 14.29 2.8
PK S 0528+134 82.74 13.53 0.0 - 8.27 3.2
3C 273 187.28 2.05 0.9 0.37 11.73 4.1
M87 187.71 12.39 0.0 - 7.91 3.2
NGC 1275 49.95 41.51 2.2 0.21 28.32 2.6
Cyg A 299.87 40.73 0.0 - 15.05 2.6
N o te .  —  n s is th e  best-fit num ber of signal events; when n s >  0 
th e  (pre-trial) p-value is also calculated. $90 is th e  upper lim it of 
th e  Feldm an-Cousins 90% confidence interval for an  E —2 flux, i.e.: 
d$ /d E  < $ 90 10- 12TeV - 1cm - 2s - 1(E /T e V )- 2 . T he background 
event density  a t th e  source declination is indicated by th e  mean 
num ber of background events B 20 expected in a  bin of rad ius 2°.
source on th is list.
O f the two searches, the  m ost significant result comes 
from the all-sky search. Accounting for this last tria l 
factor of two, the final p-value for the  analysis is 1.34%. 
At this level of significance, the excess is consistent w ith 
the background-only null hypothesis. If not a s ta tis ti­
cal fluctuation, the excess will be detectable w ith future 
IceCube data , unless it were caused by a one-tim e or 
rare astronom ical event. Subsequent exam ination of the 
tim es of the  events in the  region of excess, however, has 
not revealed any burst-like d istribu tion  in time, w ith the 
ten  events th a t contribute m ost to  the excess d istribu ted  
throughout the  year and each separated  by a m inim um  
of nine days from the next.
5. CONCLUSIONS
A search for point sources of high-energy neutrinos has 
been perform ed using d a ta  recorded during 2007-08 w ith 
22 strings of IceCube. An all-sky search w ithin the dec­
lination range - 5 °  to  +85° found the m ost significant 
deviation from the background a t 153.4° r.a., 11.4° dec. 
Accounting for all trials in the  point source search, the 
final p-value for this result is 1.34%, consistent w ith the 
null hypothesis of background-only events a t the 2.2 a  
level (if the p-value is expressed as the one-sided ta il of 
a G aussian d istribu tion). No obvious source candidates 
are near th is location, and an analysis of the tim ing of the 
events did not find any evidence of a bu rst in time. The 
location can be added to  the  a priori source candidate 
list for analysis using future IceCube data , in which case 
a sim ilar excess would be identified w ith much higher 
significance.
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F ig . 4 .—  E quatorial skym ap of events (points) and p re-tria l significances (p-value) of th e  all-sky point source search. T he solid curve is 
th e  galactic plane.
No evidence of neutrino  emission was found for any 
of the 28 a priori selected point-source candidates, and 
the  resulting upper lim its severely constrain  some m od­
els of neutrino  emission. For example, sim ulation of 
the  neu trino  flux from the m icroquasar SS433, using 
the  model of D istefano et al. (2002) and expressed as a 
broken power-law (Bednarek et al. 2005) w ith a cutoff 
a t 100 TeV, predicts a point-source signal of 48 neu­
trino  events in the 22-string d a ta  sample, and is now 
well excluded. A lternative predictions for SS433 (e.g. 
Reynoso et al. 2008) will however only be testable w ith 
the  full IceCube detector. Correlation of the neutrino  
arrival tim es w ith the known orbital period of the binary  
system  or the precession period of the je ts m ay enhance 
the  sensitivity  to  such objects and provide insight into 
the  emission processes.
The sensitivity  of this search w ith one season of 22- 
string  d a ta  already exceeds the combined sensitivity of 
all previous neutrino point-source searches in the TeV- 
PeV  energy range. New searches are underw ay to  ex­
tend  the sensitivity to  ultrahigh-energy sources in the 
southern  sky, and to  lower energy sources using events 
recorded by the combined IceCube-AM ANDA detector. 
W ith  com pletion of the  full 80-string detector expected 
in 2011, the improved acceptance, signal efficiency, back­
ground rejection and angular resolution (<  0.8°) should
provide more th an  an order of m agnitude enhancem ent 
in sensitivity  w ithin several years of operation.
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